Isolated outer membranes of
Lyme disease, a multisystem infectious disorder caused by the spirochetal bacterium Borrelia burgdorferi (61) , is the most prevalent arthropod-borne disease in the United States (43) . In 1996, more than 16,000 cases of Lyme disease were reported to the Centers for Disease Control and Prevention, an increase of 41% above 1995 and a record high (43) . Therefore, the development of an efficacious Lyme disease vaccine continues to be a public health priority.
Human clinical trials have generated optimism regarding the efficacy of a Lyme disease vaccine comprised of recombinant DNA-derived outer surface protein A (OspA) of B. burgdorferi (54, 63) . However, improvements to this univalent formulation may be warranted given the heterogeneity (and even absence) of OspA among some American isolates of B. burgdorferi (20, 40) , the waning of protective anti-OspA antibodies after vaccination (45) , and the fact that the OspA vaccine is predicated solely upon killing of B. burgdorferi within the tick vector (24, 55) . One way of potentially enhancing the efficacy of a Lyme disease vaccine would be to expand the number of vaccinogens in the formulation, particularly by incorporating immunogens known to be expressed during the mammalian phase of infection. This type of multivalent vaccine would elicit antibodies having immune targets during both the arthropod and the mammalian phases of the zoonotic life cycle of B. burgdorferi.
Technological advancements for the isolation of B. burgdorferi outer membranes (15, 49) have provided new opportunities for identifying outer membrane proteins that may have antibody-accessible epitopes. In the present study, we used the procedure of Radolf et al. (49) to survey the contents of B. burgdorferi outer membranes, with emphasis on selecting putative new vaccine candidates that were immunoreactive with antibodies present in the sera of immune mice. These efforts led to the identification and molecular characterization of the B. burgdorferi decorin-binding protein (DBP), a molecule previously reported by Guo et al. (29) . Further experiments revealed a second open reading frame (ORF), ORF-1, encoding a related lipoprotein and located just upstream of the dbp gene. These two genes comprise an operon located on the 49-kb linear plasmid. While it is unclear whether the ORF-1-encoded protein and DBP have analogous decorin-binding functions in vivo, evidence was garnered to support surface exposure for DBP in B. burgdorferi and to establish its vaccinogenic potential in the murine model of Lyme borreliosis. The combined studies suggest that the DBP of B. burgdorferi may represent a new candidate component for a human Lyme disease vaccine.
MATERIALS AND METHODS
Bacterial strains and plasmids. Low-passage uncloned B. burgdorferi 297 and N40 were obtained from Russell Johnson (Minneapolis, Minn.) and Stephen Barthold (New Haven, Conn.), respectively. Low-passage uncloned B. burgdorferi B31 and high-passage B313 (52) were provided by Alan Barbour (San Antonio, Tex.). All low-passage isolates were cultivated in BSKII medium (7) for not more than four successive transfers before experimental manipulations. The virulence of all isolates was confirmed by induction of arthritis and carditis following intradermal needle inoculation of 3-week-old C3H/HeJ (Jackson Laboratory, Bar Harbor, Maine) mice with 10 4 bacteria and/or by recovery from organs and tissues of infected mice (59) . The 50% infective dose for B. burgdorferi 297 was between 10 and 100 organisms per mouse (30) . Escherichia coli XL1-Blue (Stratagene, La Jolla, Calif.) and INV-␣FЈ (Invitrogen, San Diego, Calif.) were used as cloning hosts and were cultivated either in yeast-tryptone broth or on yeasttryptone agar supplemented with 100 g of ampicillin per ml. Cloning vectors were either pProEX-1 (GIBCO-BRL, Gaithersburg, Md.) or pCRII (Invitrogen).
Intrinsic radiolabeling of spirochetes with [ 3 H]palmitate. B. burgdorferi was intrinsically radiolabeled with [9,10(n)- 3 H]palmitate according to the method of Belisle et al. (14) .
Fractionation of B. burgdorferi outer membranes. Outer membranes of B. burgdorferi 297 were isolated as previously described (49) .
SDS-PAGE and immunoblotting. Samples for protein analysis were boiled for 10 min in final sample buffer (62.5 Ϫ2 to 10 Ϫ3 dilutions of sera from B. burgdorferi-infected mice or 1:1,000 dilutions of rat polyclonal antisera. This incubation was followed by sequential incubations with 1:1,000 dilutions of either goat anti-mouse or goat anti-rat immunoglobulin G (heavy-and lightchain specific)-horseradish peroxidase conjugates and rabbit anti-goat immunoglobulin G-horseradish peroxidase conjugates (Jackson ImmunoResearch, West Grove, Pa.). Immunoblots were developed with 4-chloro-1-naphthol as the substrate.
Amino acid sequencing of individual borrelial outer membrane proteins. Amino acid sequencing of borrelial polypeptides was performed in the Protein Chemistry Core Facility (University of Texas Southwestern Medical Center). Briefly, B. burgdorferi outer-membrane-associated polypeptides were separated by SDS-PAGE, transferred to nitrocellulose or polyvinylidene difluoride membranes, and subjected to amino acid microsequencing by standard methods (1, 2, 5, 41, 66) ; automated Edman degradation was used in attempts to derive Nterminal amino acid sequences. Internal amino acid sequences were obtained after trypsin digestion and separation of the peptides by high-performance liquid chromatography.
Construction of a Lambda-ZAPII B. burgdorferi 297 genomic DNA library. A genomic DNA library of uncloned, low-passage (virulent) strain 297 DNA was constructed by Stratagene as previously described (37) .
Southern hybridization analysis. Hybridization probes for genes encoding OspA and OspC were generated by PCR amplification (37) . A probe for DBP also was generated by PCR with the primer pair (18K PCR 5Ј and 18K PCR 3Ј) listed in Table 1 . DNA probes were gel purified with a QIAEX gel extraction kit (Qiagen, Chatsworth, Calif.) and labeled with [␣-
32 P]dCTP with a Boehringer Mannheim Biochemicals (Indianapolis, Ind.) random-primer DNA labeling kit.
B. burgdorferi total genomic DNA was isolated with a DNA extraction kit (Stratagene). Borrelial DNAs were digested to completion with Sau3A; 1.5-g quantities of each sample were then loaded into wells of 1% agarose gels. After electrophoresis, the gels were partially depurinated by soaking in 0.25 M HCl (with rocking) for 30 min at room temperature. The gels were subsequently denatured for 30 min in 1.5 M NaCl-0.5 M NaOH (with constant agitation), rinsed in water, and neutralized for 1 h with 1 M Tris (pH 7.4)-1.5 M NaCl. DNA in the gels was then transferred to nylon membranes (Micron Separations, Westboro, Mass.). The membranes were hybridized overnight in 5ϫ Denhardt's solution-5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-1.0% SDS-1 mM EDTA-100 g of sonicated salmon sperm DNA per ml at 65°C in a rotating hybridization oven (Robbins Scientific Corp., Sunnyvale, Calif.). After hybridization, the membranes were washed twice for 15 min each time at 65°C in 2ϫ SSC containing 0.1% SDS, followed by four washes at room temperature in 0.1ϫ SSC containing 0.1% SDS. The membranes then were subjected to autoradiography at Ϫ70°C for 4 to 48 h.
Northern blot analysis. Northern blotting of B. burgdorferi 297 RNA was carried out as described by Porcella et al. (47) . The hybridization probes, corresponding to the ORF-1 and dbp genes, were generated by PCR with the primer pairs listed in Table 1 .
Pulsed-field gel electrophoresis analysis. Pulsed-field gel electrophoresis of borrelial genetic contents was performed as described previously (37 ) and dbpA (U75866), respectively. Recently published genetic sequences for the 49-kb (lp54) linear plasmid of strain B31 also contained regions homologous to ORF-1 (BBA25) and dbp (BBA24) (28) .
Fusion proteins. A glutathione S-transferase (GST) fusion protein of OspA was previously described (37) . Fusion proteins containing six histidines at the N termini of the ORF-1-encoded protein and DBP (six-His fusion proteins) were generated by PCR amplification of the DNA encoding the predicted mature portions of the proteins; the respective forward and reverse oligonucleotide primer pairs are shown in Table 1 . Conditions for PCR were 35 cycles at 94°C for 1 min, 60°C for 1 min, and 72°C for 1 min. Amplification products were purified with a QIAEX gel extraction kit. The fragments were then ligated into the appropriate polylinker sites of pProEX-1 and used for transformation of XL1-Blue host cells. The DNA of all fusion constructs was sequenced to confirm that the cloning junctions were as intended. The expression of recombinant fusion proteins was induced by the addition of isopropyl-␤-D-thiogalactopyranoside (IPTG). The resultant fusion proteins were purified by affinity chromatography on a nickel-nitrilotriacetic acid resin according to the manufacturer's instructions (GIBCO-BRL). In some experiments, fusion protein bound to the nickel-nitrilotriacetic acid resin was cleaved with recombinant tobacco etch virus (GIBCO-BRL). (29) termed this lipoprotein DBP-A (GenBank accession no. U75866). Rat polyclonal antisera directed against fusion proteins generated in this study were prepared according to a previously published protocol (37) . Polyclonal antiserum directed against the recombinant DBP was of a high titer (Ͼ1:200,000) (determined by immunoblotting of either purified recombinant antigen or whole-cell lysates of B. burgdorferi 297) and highly specific when used at a dilution of 1:1,000 (data not shown). Polyclonal antiserum directed against the recombinant ORF-1-encoded protein also was of a high titer (Ͼ1:200,000) but was slightly crossreactive with the recombinant DBP when used at a dilution of 1:1,000 (data not shown). Rat antiserum directed against B. burgdorferi 297 was described previously (37) .
Triton X-114 phase partitioning. Triton X-114 extraction of borrelial whole cells and outer membranes was carried out as described previously (17) . Protein concentrations were determined by the bicinchoninic acid method (Pierce Chemical Co., Rockford, Ill.).
Proteinase K accessibility of DBP and the ORF-1-encoded protein. Treatment of intact borreliae with 400 g of proteinase K per ml was performed (44) as an indicator of potential surface exposure of these proteins in B. burgdorferi.
Indirect immunofluorescence assays of either acetone-fixed (disrupted) or intact spirochetes. Antisera were either reacted with acetone-fixed (disrupted) borreliae on glass slides or added directly to 1-ml portions of mid-logarithmicphase cultures of B. burgdorferi; spirochetes were processed for an indirect immunofluorescence assay as previously described (23) . Antiserum against B. burgdorferi endoflagella, used as a probe for a subsurface marker, was described previously (23) .
B. burgdorferi growth inhibition assays. In vitro borreliacidal activities of mouse and rat antisera were determined according to the method of Lahdenne et al. (37) by use of modifications of previously described procedures (39, 51) . Quantitative assessment of growth inhibition was performed with the aid of a Thermomax enzyme-linked immunosorbent assay (ELISA) reader (Molecular Devices, Sunnyvale, Calif.) and dual-wavelength readings at 562 and 620 nm (39) ; an adjusted absorbance value (A 562 Ϫ A 620 ) of Ն0.30 was reflective of borrelial growth in the assay system.
Murine model of Lyme borreliosis. The well-characterized murine model of Lyme borreliosis (10-13, 27) was used to assess the ontogeny of the antibody response during chronic infection as well as for passive and active immunization experiments. Briefly, groups of 10 3-week-old C3H/HeJ mice were needle inoculated intradermally with 10 4 B. burgdorferi 297 cells in 50 l of BSKII medium. At various intervals, mice within each group were sacrificed by CO 2 narcosis. Specimens of ear pinna, heart, and urinary bladder from each sacrificed animal were cultured in BSKII medium supplemented with rifampin (50 g/ml) and amphotericin B (25 g/ml). Disseminated B. burgdorferi infection of mice was confirmed by recovery of spirochetes from any of the cultured sites. Sera from culture-positive mice within the same group were pooled and stored at Ϫ20°C until use.
Pooled mouse sera from the above-described study were tested for their ability to passively protect naive mice against challenge with virulent B. burgdorferi (10) . Pooled mouse sera were first serially (twofold) diluted. Groups of two to four 3-week-old mice were then injected subcutaneously with 100 l of the various dilutions of pooled mouse sera or with rat antisera directed against either OspA-GST (positive control) or GST alone (negative control). At 18 h, mice were needle inoculated intradermally with 10 3 low-passage B. burgdorferi 297 cells harvested from a mid-logarithmic-phase culture. At 2 weeks postchallenge, mice were sacrificed and specimens of ear pinna, heart, and urinary bladder were cultured in BSKII medium. Protection was indicated by the inability to recover spirochetes from any of the cultured sites. Passive protection activity of a particular serum dilution was considered to be present when at least 67% of passively immunized animals were protected from challenge. The 2-week-postchallenge pooled mouse serum sample was tested in six separate passive immunization experiments; all other pooled sera were tested in eight separate experiments. The protective titer (expressed as mean Ϯ standard error of the mean) for each pooled serum sample (corresponding to each time point of infection) was derived by averaging the reciprocal protective titers from the multiple (six or eight) passive protection experiments.
For active immunization experiments (12, 27) , mice were immunized intraperitoneally with 50 g of either GST or recombinant fusion proteins corresponding to the ORF-1-encoded protein, DBP, or OspA in phosphate-buffered saline mixed 1:1 with complete Freund's adjuvant. This procedure was followed at 2-week intervals by two booster injections of 20 g of the respective proteins in phosphate-buffered saline-incomplete Freund's adjuvant. At 2 weeks after the final booster, mice were bled to assess antibody titers and then were challenged with 10 3 low-passage B. burgdorferi 297 cells harvested from a mid-logarithmicphase culture. At 2 weeks postchallenge, the level of immunoprotection was assessed by culturing tissue specimens (as described above).
Nucleotide sequence accession number. The nucleotide sequences for the ORF-1 and dbp genes of strain N40 were submitted to GenBank under accession no. AF042796.
RESULTS
Mice chronically infected with B. burgdorferi produce antibodies with both neutralization and passive immunization properties. Kochi and colleagues (35, 36) first established that B. burgdorferi can be neutralized (killed) by antibodies in vitro. Sadziene et al. (51) later extended these observations by showing that antibodies from patients with Lyme disease also inhibited the growth of B. burgdorferi in vitro. Barthold and Bockenstedt (10) subsequently reported that antibodies with passive immunization properties appeared in the sera of mice inoculated intradermally with low doses (10 4 ) of B. burgdorferi N40. To corroborate this finding in our laboratory, groups of C3H/HeJ mice were needle inoculated intradermally with low doses of B. burgdorferi 297, blood was collected at various times postinoculation, and sera were tested in parallel for both growth inhibition and passive immunization activities. Sera obtained from mice 2 weeks postinfection displayed both growth inhibition and passive immunization titers of about 1:16 ( Fig. 1) . During the next 2 weeks serum passive immunization titers increased and stabilized to about 1:256, whereas growth inhibition titers continued to increase during the next 26 weeks to levels of about 1:2,000.
Identification of B. burgdorferi outer membrane proteins immunoreactive with sera from chronically infected mice. We reasoned that antibodies in mouse sera displaying growth inhibition and passive immunization properties (Fig. 1) could be used to probe B. burgdorferi isolated outer membranes (49) for the identification of previously uncharacterized outer membrane proteins as potential vaccine candidates. Upon immunoblotting, antibodies in sera from mice 8 weeks postinfection (Fig. 1 ) reacted strongly with a number of polypeptides in isolated outer membranes (Fig. 2, lane 1) . With the exception of p66, which partitioned anomalously in Triton X-114 (48) (Fig. 2, lane 5) , virtually all of the immunoreactive polypeptides partitioned into the detergent phase of Triton X-114 (lane 3). When various specific polyclonal and monoclonal antibody preparations were used, the major Triton X-114-extractable polypeptides that were immunoreactive with mouse serum (Fig. 2, lane 3) and/or that became palmitate labeled (lane 4) were identified as either p39 (58), OspB (18) , OspA (9), OspD (44), OspC (65), OspE (38) , or lp6.6 (37) . Among the polypeptides not identifiable, one or two polypeptides with apparent molecular masses of about 18 kDa migrated just proximal to OspC and comigrated with palmitate-labeled polypeptides (Fig. 2, lane 4, asterisk) . This region of a separate polyacrylamide gel was harvested for amino acid sequence analysis. The 18-kDa molecule(s) was protected from Edman degradation; however, upon digestion with trypsin and separation of the resultant peptides, one peptide fragment yielded the sequence ENPFIL.
A degenerate oligonucleotide based upon the ENPFIL sequence was synthesized (Table 1 ) and radiolabeled as a hybridization probe. Screening of a B. burgdorferi 297 Lambda-ZAPII genomic library by Southern blotting yielded a number of hybridizing clones. Hybridizing clones were isolated and processed for in vivo excision of the pBluescript phagemid from the Lambda-ZAPII vector. Rescued plasmids were purified and used as templates for automated DNA sequence analysis.
DNA and deduced amino acid sequences. The relevant ORF, designated dbp, encoded a polypeptide comprised of 187 amino acids (Fig. 3A) . The deduced amino acid sequence contained the sequence ENPFIL, which corresponded to the oligonucleotide probe used to isolate the original clone. The first 24 amino acids were representative of a signal peptide terminated by LLISC, a probable consensus sequence for lipoprotein modification (31) . As such, the putative mature protein of 163 amino acids would have a predicted molecular mass of 17.8 kDa (Fig. 3A) and a pI of 8.52. Assuming that the molecule is modified via the configuration typical of other bacterial lipoproteins (31) and that the three acyl chains most likely are palmitates (14) , the actual molecular mass of the mature, lipid-modified molecule would be approximately 18.6 kDa. A putative ribosome-binding site (AGGAT) (56) was present beginning at nucleotide Ϫ11, but putative Ϫ10 and Ϫ35 promoter sequences were not readily apparent. Subsequent immunoblotting of a recombinant DNA-derived fusion protein corresponding to this ORF with a polyclonal antiserum obtained from Mark Hanson revealed that the encoded protein was the previously reported DBP (29) (now termed DBP-A [GenBank accession no. U75866]) (see Fig. 5B ).
Additional DNA sequencing revealed the presence of a second ORF, designated ORF-1, whose termination codon (TAA) was 119 bp upstream of the dbp gene (Fig. 3A) . ORF-1, encoding a putative 20-amino-acid leader peptide terminated by a plausible signal peptidase II recognition sequence (LLVAC) (31), was predicted to encode a 167-amino-acid mature protein with a mass of 18.2 kDa (ca. 19.0 kDa for the processed, acylated form) and a pI of 9.35. A presumptive ribosome-binding site (AGGAA) (56) was present beginning at nucleotide Ϫ8. Putative Ϫ10 and Ϫ35 sequences were present at nucleotides Ϫ41 and Ϫ64, respectively. Linkage of the ORF-1 and dbp genes (Fig. 3A) , the absence of readily identifiable promoter sequences upstream of the dbp gene, and the presence of putative Ϫ10 and Ϫ35 sequences upstream of ORF-1 prompted the hypothesis that the two genes may be cotranscribed. Northern blots of RNA from B. burgdorferi 297 with PCR-generated probes specific for ORF-1 and dbp revealed major transcripts of approximately 1.35 kb (Fig. 3B) , consistent with the theoretical minimum polycistronic transcript size of about 1.3 kb. In each case, faint smaller transcripts of about 700 bp could be visualized, perhaps as a result of either degradation or residual synthesis from each of the individual genes. In any event, primer extension experiments confirmed a strong transcriptional initiation site at nucleotide Ϫ28 (T) upstream of ORF-1 (data not shown; noted on Fig. 3A, arrow) , but a transcriptional initiation site could not be identified within the 119-bp intergenic region between ORF-1 and dbp. At 34 nucleotides downstream of the termination codon (TAA) was a potential stem-loop structure (Fig.  3A) that may serve as a rho-independent terminator (46) .
The ORF-1-encoded protein and DBP of B. burgdorferi 297 were 40% identical and 56% similar to one another. BLASTp searches (4) via the National Center for Biotechnology Information initially did not reveal any other significant homologies between the ORF-1-encoded protein or DBP and other protein sequences in the databases. However, at the time of this writing, repeat searches revealed exact matches between ORF-1 and a gene from strain 297 designated dbpB (GenBank accession no. U75867) and between dbp and a gene from strain 297 designated dbpA (GenBank accession no. U75866). dbpB and dbpA genes of strain B31 also were noted in a recently published work on the B. burgdorferi genome (28) .
Given that Guo et al. (29) reported on the presence of a DBP(s) in B. burgdorferi N40, we sought to determine the presence and degree of similarity between the DBPs of strains 297 and N40. Oligonucleotide primers (Table 1) were used to amplify in strain N40 an analogous locus, which was then sequenced. The deduced amino acid sequences for the mature ORF-1-encoded polypeptides differed between the two B. burgdorferi strains by only one amino acid (Asp3Glu at position 30) (Ͼ99% identity) (data not shown). In contrast, the two mature DBPs were only 69% identical and 76% similar (Fig.  4) .
The dbp operon is located on the 49-kb linear plasmid. Initial hybridization studies with two-dimensional pulsed-field gel electrophoresis, a technique which separates linear and circular plasmids of B. burgdorferi (52) , indicated that the dbp gene was located exclusively on a linear plasmid(s) which comigrated with the 49-kb linear plasmid carrying the ospA gene of B. burgdorferi 297 (8) (data not shown). Subsequent experiments with one-dimensional pulsed-field gel electrophoresis (26) of strains 297, N40, and B31 also showed that the dbp gene hybridized to linear plasmids which comigrated with the 49-kb linear plasmid in each of the three strains (data not shown). Consistent with this finding, the dbp gene was absent in B. burgdorferi B313, which lacks the 49-kb linear plasmid (data not shown) (52) , confirming that the dbp locus and the ospA- 
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on November 7, 2017 by guest http://iai.asm.org/ ospB operon are located on the same genetic element. Finally, the recently published genome and selected plasmid sequences for B. burgdorferi B31 confirmed that the ORF-1 (dbpB) and dbp (dbpA) genes were present in tandem on the single-copy 49-kb (lp54) linear plasmid (28, 32) . Southern blots of total genomic DNA from B. burgdorferi 297 were consistent with the presence of these two elements as single-copy genes (data not shown).
Characterization of DBP.
The dbp gene (lacking the portion encoding the leader peptide) was cloned as a six-His fusion protein, and the resultant gene fusion was inducibly expressed in E. coli. This genetic construct was sequenced in its entirety to verify the DNA sequence. The resultant fusion protein was purified from E. coli (Fig. 5, lanes 3 ) and used to generate rat polyclonal antiserum. When the nonlipidated recombinant DBP was cleaved from its six-His partner and subjected to SDS-PAGE and immunoblot analysis with this highly specific antiserum (Fig. 5A, lane 3) , it migrated only slightly slower than its native counterpart in B. burgdorferi (lane 1). Of note, native DBP also was readily detectable in immunoblots of isolated, Triton X-114 phase-partitioned outer membranes (Fig. 5A, lane 2) . The highly similar electrophoretic mobilities of this DBP and the previously described DBP of B. burgdorferi (29) provided the impetus to determine whether these two polypeptides were identical. As shown in Fig. 5B , rabbit antiserum directed against the DBP of B. burgdorferi 297 (provided by Mark Hanson) bound strongly to the respective recombinant DNA-derived molecule (Fig. 5B, lane 3) as well as to native DBP from strain 297 (Fig. 5B, lanes 1 and 2) . Similar to the case for DBP (Fig. 5A) , rat antiserum directed against the recombinant ORF-1-encoded protein reacted with the native ORF-1-encoded protein found in either whole-cell lysates or Triton X-114 phase-partitioned outer membranes of B. burgdorferi 297 (Fig. 5D) .
Mice chronically infected with B. burgdorferi produce high titers of antibodies directed against the ORF-1-encoded protein and DBP. Recent studies showed that the lack of an antibody response against some borrelial lipoproteins, such as OspA and OspB, after low-dose needle or tick inoculation (6, 11, 50, 53 ) is due to down-regulation during borrelial infection of the mammalian host (24, 42, 55) . These observations prompted us to investigate whether ORF-1 and dbp were expressed in vivo by examining the antibody responses of chronically infected mice to these proteins. Groups of mice were needle inoculated with low doses (10 4 ) of virulent B. burgdorferi 297 or N40 and housed for various intervals prior to sacrifice. Consistent with previous observations (3, 11, 53) , antibodies directed against OspA or OspB were not detected in any of the mouse sera (data not shown). In contrast, antibodies directed against the ORF-1-encoded protein and DBP were readily detectable (immunoblotting of recombinant antigens) as early as 2 weeks postinfection, and the levels peaked after about 16 weeks (titers, approximately 1:50,000) ( Fig. 6 ; data not shown for strain N40). Levels of antibodies directed against both proteins remained elevated even after 1 year postinfection (data not shown).
Immunological cross-reactivity between DBPs of B. burgdorferi 297 and N40. The mature ORF-1-encoded proteins of B. burgdorferi 297 and N40 differ by only one amino acid. However, the fact that the DBPs of strains 297 and N40 differ significantly (Fig. 4 ) motivated us to assess further the immunological relatedness between these DBPs. To do this, sera from mice chronically infected for 8 weeks with either strain 297 or strain N40 were immunoblotted against recombinant fusion proteins derived from either strain 297 or strain N40. As The hybridization probes used to detect transcripts for ORF-1 and dbp were generated by PCR with the primer pairs listed in Table 1 . Molecular size markers (kilobases) are shown at left.
shown in Fig. 7 , sera from 297-or N40-infected mice reacted only with their homologous antigens. Interestingly, sera from animals artificially immunized with the respective recombinant DBPs contained antibodies which showed low-level cross-reactivity with the heterologous antigens (Fig. 7) ; this result underscored differences between antibody repertoires elicited during natural infection and those produced during artificial immunization. As shown in Fig. 8 , both p66 (lane 8) and OspA (lane 10) were sensitive to proteinase K treatment. Proteinase K digestion of p66 yielded the typical 50-kDa cleavage fragment (19) . OspA was only partially sensitive to proteinase K digestion, compatible with previous findings and the notion that a significant proportion of OspA is located beneath the borrelial outer membrane (23, 60) . Both the ORF-1-encoded protein and DBP (Fig. 8, lanes 2 and 4, respectively) were accessible to proteinase K. In contrast, the Fla protein, a component of the periplasmic endoflagella, was completely resistant to proteinase K treatment (Fig. 8, lane 6) .
Indirect immunofluorescence and growth inhibition assays. Indirect immunofluorescence and growth inhibition assays were used in attempts to corroborate the results of proteinase K accessibility assays. Either acetone-fixed (disrupted) or unfixed (intact) B. burgdorferi 297 was exposed to high-titer (Ͼ1: 200,000) rat polyclonal antiserum substantially specific for the ORF-1-encoded protein or DBP. Indirect immunofluorescence assays of fixed B. burgdorferi routinely showed the presence of moderate levels of both proteins (data not shown), consistent with the results of earlier immunoblotting experiments. However, the results of indirect immunofluorescence assays of intact borreliae were variable; some experiments were negative, whereas others showed modest immunofluorescence for DBP in a beaded pattern (data not shown). In vitro growth inhibition assays also failed to yield reproducible results.
Active immunization of mice with DBP and the ORF-1-encoded protein. Despite equivocal results from immunofluorescence and growth inhibition assays, the results of proteinase K accessibility experiments implied that DBP and the ORF-1-encoded protein were surface exposed in B. burgdorferi cultured in vitro, suggesting that they may serve as in vivo immune targets for bactericidal antibodies. To examine this idea further, C3H/HeJ mice were actively immunized with either recombinant DBP or recombinant ORF-1-encoded protein. After achieving serum titers of more than 1:100,000 (determined by immunoblotting of purified recombinant proteins or wholecell lysates of B. burgdorferi with dilutions of sera; data not shown), mice were challenged with virulent B. burgdorferi 297. As shown in Table 2 , 78% of mice immunized with recombinant DBP were immune to challenge. Mice immunized with recombinant ORF-1-encoded protein were not protected to any appreciable degree.
DISCUSSION
It has been established that antibodies are the principal effectors for the clearance of B. burgdorferi during mammalian infection (10, 33, 57) . It has been generally assumed that the activities of these protective antibodies are reflected in passive immunization experiments with mice (10) as well as in agglutination and borreliacidal-antibody assays performed in vitro (22, 51) . However, our studies comparing passive immunization properties (which were similar to studies by Barthold and Bockenstedt [10] ) and growth inhibition capabilities of sera from chronically infected mice revealed differences in the times at which levels of antibodies associated with these two activities peaked. One potential interpretation of the differences is that distinct functional classes of antibodies may be involved in passive immunization and growth inhibition activities. The recently recognized propensity for B. burgdorferi to undergo profound changes in its antigenic repertoire as it cycles between its arthropod and mammalian hosts (3, 21, 34, 42, 55, 62, 64) lends credibility to the hypothesis that different functional classes of antibodies may be induced as differential antigen expression ensues during mammalian infection. It is also possible that whereas passive immunization involves spirochetes adapting to the surrounding mammalian tissue(s), the growth inhibition assay is confined to the use of spirochetes cultured exclusively in vitro. As such, the growth inhibition assay may not be an entirely valid correlate of antigen-antibody interactions transpiring in vivo. Until methods that make use of mammalian host-adapted B. burgdorferi in growth inhibition burgdorferi 297. Growing spirochetes were divided, and one-half of the population was treated with proteinase K. Borrelial proteins were separated by SDS-PAGE. Proteins on nitrocellulose strips from either untreated (lanes 1, 3, 5, 7, and 9) or proteinase K-treated (lanes 2, 4, 6, 8, and 10) borreliae were then immunoblotted with rat antisera as follows: lanes 1 and 2, anti-ORF-1; lanes 3 and 4, anti-DBP; lanes 5 and 6, anti-Fla; lanes 7 and 8, anti-p66; and lanes 9 and 10, anti-OspA. Numbers at left denote apparent molecular weights (in thousands). (25) assays are developed, the validity of the use of in vitro-cultured B. burgdorferi in such assays will not be fully known. Given the above caveats, sera from immune mice still represented the most reasonable immunological reagent(s), paired with the recent technological advance for the preparation of B. burgdorferi outer membranes (49) , with which to approach the identification of borrelial outer membrane proteins as new vaccine candidates. A few polypeptides, most of which were present in relatively low abundances and only moderately reactive with immune mouse serum, were unidentifiable by use of antibodies to previously well-characterized B. burgdorferi integral membrane proteins. One of these (DBP) was selected for further study based upon its high abundance and great immunoreactivity compared with most of the other unidentifiable polypeptides. Evidence from our studies, including reactivity with antibody preparations from both our laboratory and Mark Hanson as well as cloning and sequence analyses, suggested that the molecule is one of the two DBPs of B. burgdorferi described by Guo et al. (29) . Inasmuch as Guo et al. (29) initially proposed that either or both of the two DBPs may subserve the attachment of B. burgdorferi to a mammalian tissue matrix as part of its parasitic strategy, the molecule(s) would need to be surface exposed to have such a function. The presence of DBP in outer membrane preparations, the electrophoretic comigration of DBP with palmitate-labeled polypeptides, and the propensity of both DBP and the ORF-1-encoded protein to partition into Triton X-114 are consistent with the contention, at the very least, that the molecules are integral outer membrane lipoproteins of B. burgdorferi.
Our gene cloning studies revealed the presence of a dbp gene encoding a putative lipoprotein with a mass (acylated form) of 18.6 kDa as well as an additional, homologous gene (ORF-1) located just upstream of dbp and encoding another putative lipoprotein, of about 19.0 kDa. Further molecular studies, as well as recent DNA sequence analyses reported elsewhere (28) , confirmed that the two genes were tandemly located on the 49-kb linear plasmid of B. burgdorferi. Northern blot analyses and primer extension studies indicated that the two genes are cotranscribed, with the upstream ORF-1 contributing the transcriptional initiation site. The results of the combined molecular studies are consistent with the observation by Guo et al. (29) that two DBPs of similar apparent molecular masses were detectable by solid-phase decorin-binding assays with B. burgdorferi N40.
Evidence to substantiate the presence of the ORF-1-dbp operon in B. burgdorferi 297, N40, and B31 was obtained and suggested that the dbp operon may be common among sensu stricto strains. It remains to be determined, however, whether the same is true for sensu lato strains of other Lyme disease spirochetes. Presently it is also not known whether the ORF-1-encoded protein and DBP have analogous decorin-binding functions in vivo (29) . Furthermore, the amino acid homologies between these proteins (40% identity and 56% similarity) do not appear to provide further insights into whether these proteins have comparable or overlapping functions. Additional structure-function studies are required to elucidate more precisely the functional roles of the ORF-1-encoded protein and DBP in the pathogenesis of Lyme disease.
Immunoblotting experiments, particularly those done with rat antisera that were highly specific for either DBP or the ORF-1-encoded protein, established that both proteins are expressed during in vitro cultivation of low-passage B. burgdorferi. However, when high-passage (Ͼ30 passages) populations of strains 297, N40, and B31 were assayed for the expression of DBP, the level of expression was greatly reduced, with no obvious concomitant reduction in the 49-kb linear plasmid in these populations (30) . Guo et al. (29) also noted that decorin binding could not be detected in a high-passage population of strain B31. The murine model of Lyme borreliosis unequivocally established, however, that the ORF-1-dbp operon is expressed during mammalian infection; antibodies directed against both proteins were detectable as early as 2 weeks postinfection, suggesting that the lipoproteins are expressed at the very outset of infection and maintained during later stages. Given the 76% similarity between the ORF-1-encoded protein and DBP, it remained possible, on the other hand, that some of the mouse antibodies directed against either protein might be cross-reactive and therefore might have complicated the interpretations of the immunoblots. Two lines of evidence appear to refute this possibility. First, rat antisera highly specific for either the ORF-1-encoded protein or DBP each appeared to react with a single B. burgdorferi polypeptide (Fig. 5A and D) . Second, given that ORF-1 is the first gene within a two-gene operon, it is virtually certain that both lipoproteins are expressed. However, some degree of posttranscriptional regulation still may be operative for either of the lipoproteins.
Proteinase K accessibility was used as an initial assessment of surface exposure for DBP and the ORF-1-encoded protein.
Under conditions which left the periplasmic Fla protein intact but cleaved surface-exposed molecules, such as OspA and p66 (19, 23, 60) , both native ORF-1-encoded protein and DBP were proteinase K accessible. We attempted to corroborate these findings by performing indirect immunofluorescence assays on either disrupted (fixed) or intact (unfixed) B. burgdorferi 297, but the results were highly variable. In vitro growth inhibition assays also failed to yield consistent results, for unknown reasons. Nonetheless, DBP was an efficacious protective immunogen, whereas vaccination results for the ORF-1-encoded protein were unremarkable. The immunoprotection results obtained with DBP sound a cautionary note that the vaccinogenic potential of a borrelial immunogen should not necessarily be ruled out based solely upon inconsistent results from surface localization assays.
To the best of our knowledge, this is the first study to successfully probe isolated borrelial outer membranes with antisera from immune mice to identify a new protective immunogen of B. burgdorferi. It should be noted, however, that DBP (and/or the ORF-1-encoded protein) may not be exclusively associated with the borrelial outer membrane. There is now considerable evidence for a dual-membrane distribution of other B. burgdorferi lipoproteins (e.g., OspA and OspB) (15, 16, 23, 49) ; thus, it is possible that increased amounts of DBP are shuttled to the spirochete surface as it adapts to its mammalian environment (3, 21, 34, 42, 55, 62, 64) . This scenario would explain why DBP was readily detectable on immunoblots of in vitro-cultivated B. burgdorferi but could not be localized to the spirochete surface by immunofluorescence microscopy or growth inhibition by conventional methods.
Regardless of the precise mechanism(s) by which DBP becomes surface exposed in B. burgdorferi, our combined studies support the notion that DBP may represent a new candidate component for a human Lyme disease vaccine. Further analysis of B. burgdorferi isolated outer membranes may also reveal other new Lyme disease vaccine candidates. 
